. Temperature functions in biology and their application to algal growth constants. Various kinds of temperature rules have been proposed for biological use, but reasons for choosing one before another have seldom been given. Arguments for such choices should include both theoretical and mathematical-statistical aspects. In this paper the relationships of algal growth constants, such as ~t (maximum specific growth rate), q0 (minimum nutrient content of the algae), Y (yield coefficient) and Ks (halfsaturation constant for growth) with temperature (t) were investigated. The growth constants were estimated from growth experiments with the green alga Scenedesmus quadricauda performed in batch and P-limited chemostat cultures at t between 3 and 25°C. Additional growth data from different algal populations were estimated from 14C experiments in an incubator and in the field (0-20°C). The dependence of both (A and AZ (assimilation number) on t was generally described better by Belehradek's equation based on a "physical view", i.e., the rate of biological processes is more likely controlled by physical processes such as diffusion and viscosity than by equations of Berthelot's or Van't Hoff-Arrhenius' types, which were derived from chemical processes. Within smaller t intervals, Burckhardt-Harvey's equation (linear) often gave an equally good fit. For Scenedesmus the parameter q0 can be described by a 2nd degree polynomial. The limit value of Y at ,t = 0 versus t can also be best described by Belehradek's equation. Both Ks and Y at ut = -seem to be independent of t. Many examples from zoology also show statistically the most accurate fit to Belehradek's equation. On the whole, biological processes seldom show exponential increases with t. For example, the RGT-rule (Q0l), which is so widely used even today, often gives artificial "breaks" in the temperature coefficients. An equation of Belehradek's type should therefore be more generally accepted, also because its parameters appear to have some ecological significance.
Introduction
The amount of data on algal growth constants, such as (t (maximum specific growth rate), qo (minimum nutrient content of the algae), Y (yield coefficient, i.e., biomass produced/nutrient consumed) and Ks (half-saturation constant for growth), estimated at different temperatures, is increasing (e.g., Goldman 1979, Zevenboom Van't Hoff's rule by Eppley). Goldman and Carpenter, on the other hand, based their results on data from continuous cultures and used Arrhenius' (1889) equation. Fewer data exist on the growth constants Y, qo and Ks, and no temperature functions are established. Some of the data of qo and Ks point to a U-shaped relationship (Goldman 1977 , Ahlgren 1978a , Goldman and Mann 1980 , Mechling and Kilham 1982 . A limited temperature range has also been considered, mostly between 10 and 20°C.
From a general point of view, the study of the influence of temperature on growth and metabolism can be traced back far into the past, and various kinds of temperature rules, more or less adequate, have been proposed for biological use. Living matter is a heterogenous system where reactions take place at the interfaces, and it cannot be expected that a single temperature formula should hold for all biological processes. All temperature formulae in biology are, therefore, of merely descriptive value (Belehradek 1935) . However, the net velocity of the whole depends on the slowest stage, which may be diffusion. As the main purpose of my project was to describe quantitatively the dependence of growth constants on temperature, it was necessary to make a literature study on the temperature rules used in biology. This is summarized in a separate section (Sect.
2), giving reasons for choosing the rules which are most useful for testing biological data.
The present paper also describes results from growth experiments with the green alga Scenedesmus quadricauda Turp. performed in batch and chemostat cultures at temperatures between 3 and 25°C. Additional 14C experiments were performed with different algae in an incubator at different temperatures as well as field studies, even under ice. As some of the temperature rules tested contain an important scale correction constant (a = biological zero), some growth experiments were also added in order to estimate that constant for the different algae tested.
2. Temperature rules used in biology Belehradek (1935) made an extensive examination of the formulae used in biological processes. They can be divided into three groups:
Group I (Rules of thermal sums):
The most important are (not seen):
Reaumur (1735) (and others) Burckhardt (1860) Harvey (1911) y.t=K y(t-a)= K v= k-t where y = time, t = temperature, K and k = constants, a = minimum temperature (biological zero), v = velocity.
If, in Harvey's equation, k is put equal to 1/K and v is the reciprocal of time (k = 1/K and v = 1/y), this formula (3) becomes identical with Reaumur's (1) equation. Analogously, if y = 1/v and K = 1/k in Burckhardt's equation, it turns into v = k(t-a) (4) i.e., a linear form where the Y-intercept =-k and a = -Y-intercept/k or a = X-intercept. The four equations 1 to 4 are, thus, mathematical forms of the wellknown "rule of thermal sums" (see e.g. , Winberg 1971:47) .
Group II (Exponential equations):
The following equations have been introduced by chemists:
Berthelot ( (9) where n, A = constants m, k, e = reaction velocity q = heat energy R = the gas constant (-2) t = temperature T = temperature in Kelvin degrees (T= t + 273). Qlo0 = temperature coefficient A (Eq. 9) = half of the heat energy which is needed to convert 1 mol of the inactive substance to active substance (A = q/R).
(Eq. 8 permits of calculating Qlo for any temperature difference.) In his hypothesis about "active and inactive" cane sugar Arrhenius (1889) provided the theoretical base for Van't Hoff's rule (see Cohen 1896) . The simplified form (Eq. 7), stated first by Cohen (1896) , is also called the RGT-rule (Ge. Reaktionsgeschwindigkeit-Temperatur-Regel, see Kanitz 1915 ).
This form is the most well-known and is widely applied even to-day. It was, however, found very early that Qlo varied considerably at different temperatures and different "explanations" were looked for, e.g., imperfections of the experimental technique. Soon it became obvious that the inconsistency of Qlo with temperature was not accidental but systematic. The most accepted view to-day is that Qlo is not a true constant, i.e., the RGTrule is not valid for biological reactions. Arrhenius' equation (9) therefore became more popular and was introduced into biology because it seemed to apply to chemical processes with more accuracy than the RGTrule.
OIKOS 49:2 (1987) Another rule which is frequently used for temperature corrections, e.g., in models (Ahlgren 1975 , Kinnunen et al. 1982 ) is Streeter and Phelps (1925) : KI/K2 = 0(1 T-2) (10) where T1 and T2 are two temperatures and K1 and K2 the corresponding values of a velocity constant. 0 is the thermal coefficient. This function was empirically found by Streeter and Phelps (1925) , obviously independent of Berthelot's (5) or Arrhenius' (9) equations, from which Eq. (10) is easily derived.
However, in the Van't Hoff-Arrhenius' formula the temperature is entered as T, i.e., the absolute temperature. But 1/T plotted against t within the range which is of interest for biological processes, 0-40°C, is an almost straight line (Belehradek 1935) . Therefore, Celcius degrees will do just as well. But this also means that there are no principal differences between the temperature coefficients Qo0 and q in Van't Hoff's, A in Arrhenius', A in Berthelot's and 0 in Streeter and Phelp's equations which, in turn, means that all criticism of Q0l also applies to the other coefficients mentioned.
Group III (built on physical processes): The lack of any rational temperature formula in biology led to Belehradek proposing a new empirical equation: Belehradek (1926 where a and b = constants, y = time, v = velocity (the reciprocal of time) and a = biological zero. The exponent b generally has a value betwen 0.6 and 4.0, but is mostly between 1.0 and 3.0. When it equals 1, the formula becomes identical with that of the thermal summation (1-4). Belehradek based his rule on the view that many biological processess are probably not controlled by chemical processes but by physical processes such as diffusion and viscosity.
The temperature formulas which are useful for testing are, thus, Burckhardt-Harvey's (4), Berthelot's (5) and Belehradek's (13) To find out the optimum light intensity at each temperature, preliminary batch experiments with differe light intensities were performed in the chemostats wit out flow. Growth curves were followed and (f estimat by fitting Verhulst's (1838) equation to the data (for t derivation of the equation, see Batschelet 1971):
where Bt = biomass at the time t Bo = biomass at the time 0 K = maximum biomass (carrying capacity)
[b = maximum specific growth rate in batch cultures t = time.
Estimation of sb with Verhulst's equation should more accurate results than the more generally used metric J-curve, Bt = Bo exp(u. -t), for several rea Verhulst's equation is a logistic expression for restr growth (S-curve), whereas the J-curve is an expre for unlimited growth. Besides, by using the J-cur certain subjective judgement is necessary when th of the logarithmic growth phase had to be sorted ou Ahlgren 1978a: Figs 3 and 4) . This growth phase c also be very short or even lacking. The S-curve can be used when the growth curve shows some irregu ities, a situation which makes use of the J-curve very ficult or even impossible. When the algal growth passed the exponential phase, the experiments were stopped for analysis of C-, N-, P-and Chl-contents of the alga. The culture medium was Z8' (see Ahlgren 1977) . The chemical analyses of P04-P, total-P and dry weight (DW) were described in Ahlgren (1977) . The sensitivity of the dissolved orthophosphate analysis (P04-P) was increased by extracting double the amount of the molybdenum blue complex (80 ml) into 10 ml isobutanol. The detection limit for P04-P was, thus, 0.1-0.2 sg 1~1. The analyses were always made in duplicates, and the differences were mostly small (<10%). On a few occasions the difference between the duplicates could be about 50% at the lowest level (0.1-0.5 (tg 11) and about 25% at higher levels (1-5 jig I-1). The chlorophyll method was described in Ahlgren (1983) . Cell-C and cell-N were analysed using an elemental analyzer (Carlo Erba, Mod. 1106).
The light intensity was measured with a spherical immersible sensor in the center of the reactor (QSL-100, Biospherical Instruments Inc. and expressed as percent of the values just beneath the surface. The mean insolation at optimum depth was then estimated by taking the percent values of the surface insolation integrated over the exposure time.
The different growth constants were estimated by fitting suitable equations to the data using the SAS program NLIN (SAS Users Guide 1979).
Results

Batch experiments
Several criteria for finding the optimal light intensities were considered, e.g., smooth growth curves with short lag phases, reasonable itb with narrow confidence intervals, and "normal" nutrient contents, indicating no nutrient deficiency. At higher temperatures the algae tolerated much higher light intensities than at lower temperatures (Tab. 1). The optima seemed to be within a narrower range at the lower temperatures (cf. Morgan and Kalff 1979: Fig. 1 ). The C content did not vary much, 47-54% of DW. The N contents were >7% of DW, indicating no nutrient deficiency (Healey 1978) , except in one case at 5°C. The P content was highest at 5°C, giving the lowest N/P ratio. For the others, the P content was between 0.5-0.7% of DW, indicating moderate nutrient deficiency (Healey 1978) . The Chl/C ratios were mostly comparatively high; >2% indicates no nutrient deficiency, and between 1-2% moderate nutrient deficiency, according to Healey's limits.
Chemostat experiments
At steady state the total-P in the chemostat should be equal to the influent P concentration. When a discrepancy >25% was obtained, the data were excluded when fitting the equations.
The yield (Y) as a function of dilution rate (D) can be expressed by an equation of the 2nd degree (upper row of Fig. 1 ), but the constants of the equation were different at the different temperatures (Tab. 2). The yield at lA = 0 (i.e., the Y-intercept, A) increased with temperature, but the slope (B) and the bend (C) instead rather decreased with temperature (Tab. 2). The N/P ratio of the algae decreased with dilution rate and approached the value of 12 at 5, 10 and 15°C, and the value of 15 at 20 and 25°C ( Fig. 1, 2nd row). D plotted against the Pcontent (qp) shows hyperbolic relationships at all temperatures ( Fig. 1, 3rd row) . The growth constants pi and q0 can be estimated by fitting a suitable equation to the data. ([t = maximum specific growth rate associated with the internal nutrient content, see Droop 1973, Goldman and McCarthy 1978) . Among three tested Tab. 1. Maximum specific growth rate (b) estinated from batch experiments with Scenedesmus quadricauda at the optimal light intensities (lop,) found for the different temperatures. pb is given with 95% confidence intervals. The algae were harvested and analysed for carbon (C), nitrogen (N), phosphorus (P) and chlorophyll (Chl) when they had passed the exponential growth phase. 1) Uncertain value because of incorrect calibration of the light meter.
Temp. b^ op C N P N/P Chl/C (°C) (d-1) (Q cm-2 s-') (% of DW) (by weight) (%) (Fig. 1 , lowest row). One hypothesis is that this type of curve, often reported in the literature, is obtained when more than one factor is limiting (Ahlgren, unpubl.) . t and Ks have been estimated from the curves in Fig. 1 (lowest row) by excluding the data which give the lower leg of the "C" (marked with *). Most of these excluded data originate from assays where dense biomasses had considerably moderated the light intensities, sometimes outside the ranges given at the top of Fig. 1 pressed in carbon (C), and dB is the net increase measured with 14C, the P/B ratio can be set equal to pt when dB is small compared with B (<10%, cf. Ahlgren 1983) . In raw cultures, where the biomass-C is difficult to estimate, assimilation number (AZ) is used as a measure of growth (AZ = primary production per Tab. 5. Results of "C experiments with mono-cultures in the incubator at different temperatures. Only the value at the light optimum are presented (Cass, mean of two parallels), which are supposed to be close to the maximum growth rate. The light (Iopt) is measured in the centre of the bottles with algae. AZopt = assimilation number (Ca./Chl) at light optimum. P/B = Cass/Biomass-C. The last column, P/B -4(d-1) are calculated by multiplying the measured Cas, values by the factor 24/exp. time.
Temp. I t Exp. time Chl Biomass Chl/C Cass AZont P/B (°C) (3 cm-2 S-1) (h) (fg l-1) (mg C l-1) (%) (g 1-1 h-1) Tab. 6. Results of 14C experiments in the incubator at the light optimum with raw culture from different lakes. For symbols, see the legend to Tab. 5. 1) Biomass-C is estimated according to Ahlgren (1983, Method IV) .
2) The algae sedimented to the bottom of Scenedesmus quadricauda: In direct growth assays in batch cultures no significant biomass increase could be noted at 2.1 (±0.1)°C at any of the light intensities used (0.05, 0.10 and 0.15 * 1016 Q cm-2 s-1). When the temperature was increased to 3.0 (±0.1)°C, measurable biomass increases could be noted (cf. Tab. 1).
Oscillatoria agardhii: When the temperature was slowly lowered, no measurable growth could be noticed at 11 (±1)°C. The light intensities tested were 0.05, 0.1 and 0.2 * 1016 Q cm-2 s-1. The alga formed tufts which adhered to the walls. When the temperature was slowly increased, the alga began to grow normally in the free water, the tufts loosened and seemed gradually to disap- The measured values of a are given in Tab also included together with extrapolated values from the curves in Fig. 3. 
Growth constants in relation to temperature
Belehradek's equation (Eq. 13) gave the best fit to the [tb values based on batch cultures (Tabs 1), but Burckhardt-Harvey's equation (Eq. 4) gave an almost equally good fit (Fig. 2a) . The same was found for the F-and Fivalues (Tabs 3 and 4) from the chemostat experiments ( Fig. 2b and c) . A common function which is based on all three sets of t data is: t = 0.0307(t -0.18)1-13 (R = 0.945, n = 18). (15) * T . X The biological zero for Scenedesmus, according to this 1 } . j equation, is, thus, estimated to about 0.2°C. Th -' / l 1 -| for Y at it = 0 as a function of temperature can ·l t / best described by Belehradek's equation (Fig. 2d 1 -x/ . ably too low because of suboptimal light.) T / / seems to be independent of temperature (Fig. 2f) . (Fig. 3) . The course of the AZ and P/B Osc i 11 ator i a are different probably depending on the varying chloroe) 2 f)phyll contents (Tab. 5), except for Stephanodiscus -where both curves show similar ex -_,: / X pilot test showed that keeping Scenedesmus one day in -/ 1 -the experimental temperature was sufficient to adapt it / / /to a particular temperature. That is also confirmed by i * the regular decreasing Chl/C ratios with temperature for · ,,0 ...... , .·.. , Scenedesmus (Tab. 5). According to the irregular or 0 o10 20 0 10 20 rather increasing Chl/C ratios with temperature for Os-TECMPERATURE ID oc) cillatoria and Stephanodiscus, an adapt one day was probably too short for those algae. Assimilation number (AZ) and primary production/ tios as a function of temperature C (P/B) as functions of temperature for three different by Belehradek's equation, ex alues from the light optimum from incubator experi-where Berthelot's equation tures exposed in situ (cf. Tab. 7). (Fig. 3b) : P/B = 0.162(t -6.6) (R = 0.749, n=4) edesmus b : P/B = 0.000317 x 1.75t (R = 0.9996, n=4) 15) is also shown in Fig. 3d (dotted line) . The growth 2: P/B = 3 -10-9 x t7'43 (R = 0.9995, n=4) rates of Scenedesmus at 12 and 16°C based on 14C meas-P/B = 0.119(t -4.8) (R = 0.962, n=4) urements were about twice as high as those of the direct 3: P/B = 0.0853(t -4.6)1.1 (R = 0.965, n=4). growth measurements. The daily values of P/B (-~u) ed line represents Eq. 15, which is fitted to all the data multiplying the actually measured itch-and chemostat experiments (see 4.5) . values by the factor 24/exp. time. If, instead, the factor P/B = 0.113(t -2.3) (R = 0.975, n=4) 10/exp. time was used for the two short-term ex : P/B = 0.177 x 1.1521 (R = 0.917, n=4) ments (probably a more accurate factor in this co 3: P/B = 0.333(t -3.9)0588 (R = 0.988, n=4). both the curves for Scenedesmus would coincide fairly Eq. 5: P/B13 = 0.0120 x 1.072t (R = 0.842, n=8) Eq. 13: P/B = 0.00931(t -3.2)°0550 (R = 0.938, n=8).
Concerning the points within brackets, see the text.
The AZ-values at the optimum depth from the field experiments showed different relationships with the temperature (Fig. 4a, b and c ). Berthelot's equation (Eq. 5) gave the best fit to data from L. Erken, whereas the data of L. Vallentunasjon and L. Norrviken are better described by Belehradek's (Eq. 13) or BurckhardtHarvey's equation (Eq. 4). The data from L. Erken (from Bell and Kuparinen, 1984) were, however, based on mixed samples from 1-5 m depths, exposed at 1 m for 24 h. Even though the optimum depth usually is between 1-2 m in L. Erken (Rodhe 1958) , it is not certain that all these values represent precisely the optimum depth. The two values from L. Vallentunasjon 1983 (Tab. 7) show different positions compared with the values from 1984 (Fig. 4b) . That condition probably re-5. Discussion 5.1. Maximum specific growth rate, |i
The dependence of ~t on temperature in the green alg Scenedesmus and the blue-green alga Oscillatoria is bet ter described by Belehraidek's equation than by the Ber thelot or Arrhenius type of equations, which are derived from chemical processes. According to Belehradek (1935) , "The biological processes are often of such a complex character that equations which have proved correct in chemistry do not fit in biological data". Be lehradek based his empirical equation on a "physical view", i.e., he considered that the actual biological processes are better controlled by physical processes such as diffusion and viscosity than by chemical processes.
When it is found that stirring increases the velocity of a process, the process is probably governed by diffusion. This was exactly what happened in my cultures; stirring increased the growth rate. The results from the "4C experiments in the incubator, as well as in situ with different algal populations, show the same temperature dependence but the constants of the equation are different and are probably species specific. In several cases Burckhardt-Harvey's equation (linear) gives a fit which is nearly as good as Bl1ehradek's equation. At low temperatures no drastic changes occurred but the growth rate decreased regularly until the biological zero was reached, a point that is probably also species specific. 1. Eppley (1972) . Different algal species grown in batch cultures.
2. Goldman and Carpenter (1974) . Different species grown in chemostats.
3. Paasche (1980) . Rhizosolenia fragilissima. (R = 0.999, n=4). 4. Goldman (1979) . Monochrysis lutheri. (fitted by eye, n=3). 5. Senft et al. (1980) . Volvox globulator. (R = 0.953, n=4). 6. Morgan & Kalff (1979) . Cryptomonas erosa. (R = 0.997, n=4). 7. Senft et al. (1980) . Volvox aureus. (R = 0.996, n=4). 8. Wernicke and Nicklisch (1986) . Oscillatoria redekei.
(R = 0.994, n=-4).
The original values given of 1, 3, 5, 6 and 7, which represented "k", are multiplied by In 2 to get i.The two values at 25 and 30°C are dropped in 5 and 7.
As already mentioned in the Introduction, Eppley (1972) and Goldman and Carpenter (1974) given of the significance of the two equations, but the fitting gave a value of a (biological zero) as low as -40°C, which is, of course, impossible. The data of Goldman and Carpenter (1974: Tab. 2) include several species of both freshwater and marine origin. By testing the three equations of Burckhardt-Harvey (4), Berthelot (5) and Belehradek (13) against his data, Belehradek's equation also gives a fairly good fit (a = 6.6°C). R-squares are 0. 829, 0.874, and 0.851, respectively (n = 26) . Earlier I found that the dependence of [b on temperature could be described by a 2nd degree polynomial (Ahlgren 1978a , R-square = 0.957, n = 10). The light intensity, which was held constant at all temperatures (37 [LE m-2 s-~, optimal at 15°C), was probably too low at the two highest temperatures, 25 and 28°C. If these points are excluded, Belehradek's equation can be better fitted to those data: Plb = 0.273(t -11.6) 309 (R = 0.996, n = 7). (16) P/B-values (-it) for Oscillatoria in Tab. 5, multiplied by the factor 10 to get growth rates per day, agree fairly well with these earlier data from batch experiments (Ahlgren 1978a: Tab. 1) . Zevenboom (1980: Ch. 7) found a linear relationship for the same alga, Oscillatoria agardhii, within a limited temperature interval (10 to 20°C). Rhee and Gotham (1981) also found a linear relationship for the green alga Scenedesmus and the diatom Asterionella between 5 and 20°C. Wernicke and Nicklisch (1986) recently fitted a model variant (orig inates from Arrhenius' equation, see Lehman et al. 1975) , to data of Oscillatoria redekei. Belehradek's equation gives, however, a better fit to the same data as well as other tabled data collected from the literature (Fig. 5) .
Relationships between AZ and temperature are occasionally found in the literature (e.g., Williams and Murloch 1966 , Glooschenko et al. 1973 , Dokulil 1984 . Glooschenko and coworkers presented a linear relationship (data from L. Huron) very similar to that of L. Norrviken, in spite of the fact that L. Huron is very oligotrophic and had quite a different plankton flora. Judging from their plot, however, Belehradek's equation should also fit here equally well or perhaps even better, since the relationship is slightly curved.
Yield coefficient, Y
The dependence of Y on temperature, as well as the other two growth constants qo and Ks, was only examined for the green alga Scenedesmus in chemostat cultures. The limit value of the yield at t = 0 plotted against temperature can be best described by Belehradek's equation. In contrast, Y at (t = [t seems to be independent of temperature (Fig. 2d) . Concerning Y, I have found only two other studies with results from the green alga, Chlorella pyrenoidosa and the bacteria, Aerobacter aerogenes (Shelef et al. 1971, Topiwala and Sinclair 1971) . Both studies showed that Y at [t-max was fairly insensitive to temperature, a result confirmed by my data. These two investigations also comprised higher temperature ranges than usually considered (19 to 35°C and 25 to 40°C, respectively), making it probably that the results could be valid more generally. The results thus mean that when non-limited algae grow at maximum rate (which is lower at lower temperature), they use the same amount of phosphorus per biomass irrespective of temperature. In contrast, if the algae for some reason (e.g. nutrient limitation) grow at a growth rate <ti, the yield decreases with temperature; the lower the growth rate, the larger the reduction (Fig. 2d) .
Minimum cell quota, qo
The minimum cell phosphorus (qo) of Scenedesmus can be described by a 2nd degree polynomial (Fig. 2e) , whose coefficients not yet can be given any physiological interpretations. Of the few data published on qo estimated at different temperatures, some show independence of temperature (Fuhs 1969, Wernicke and Nicklisch 1986) , and some show that qo increases at lower temperatures (Goldman 1979, Rhee and Gotham 1981) .
Whether or not the qo values generally show a U-shaped response to temperature, i.e., that the qo-values have distinct minimum values at a certain temperature and then swing back up at higher temperatures, has not yet been convincingly proved. As cells normally become smaller at higher temperatures, U-shaped curves based on cell-basis (e.g., Goldman 1977, Goldman and Mann 1980) might, when based on a weight basis, be changed into gradually decreasing values which just level off at higher temperatures. It is also important that the light intensity is optimal at all experimental temperatures. Particularly in the case of the N content, it will respond directly to increasing values at suboptimal light conditions. Suboptimal light is also probably the reason why my qo value at 25°C tends towards higher values than at 20°C.
Half-saturation constants, Ks
Ks for Scenedesmus seems to be independent of temperature (Fig. 2f) . Mechling and Kilham (1982: Tab. 1) collected data on Ks estimated at different temperatures. In the four papers cited dealing with growth experiments, varying relationships were found. Paasche's (1975) Ks values for Thalassiosira at the temperatures of 3 and 10°C are not significantly separated, and the same applies to one of the two algae tested by Thomas and Dodson (1974) . Tilman et al. (1981) , who investigated two diatoms at five different temperatures, found that Ks was independent of temperature, except for one diatom at 24°C. The preliminary U-curve I presented on the basis of results from Oscillatoria agardhii was probably rather premature (Ahlgren 1978a) . The low Ks value of 0.3 atg P 1-1 found at 20°C was very uncertain and not significantly different from the more reliable value of 1 |tg P I1-found at 15 and 25°C (cf. Ahlgren 1978a: Tab. 3). The erratic results of those experiments at 20°C could be caused by inappropriate light conditions. At low dilution rates, the light (the same for all three temperatures) might be suboptimal in some of the sub-assays because of very dense biomasses, or supraoptimal because the algae can be extra sensitive in such very P-limited conditions. It is also reasonable that Ks should have the character of a real constant (Fig. 6) . By definition Ks is the concentration which will support half the maximum growth rate. As the maximum growth rate increases with temperature, half the maximum growth rate should also increase with temperature, thus giving curves which separate immediately at the origin, i.e., curves of the "Bose" type (cf. Talling 1979: Fig. lf) . A constant Ks leads to lower competition advantages with decreasing temperature. The initial gradient recommended by Talling (1979), or the ratio i/Ks (Healey 1980) , used to characterize the competition status of an alga, would then be a useful tool to compare different algal species. A difference in that ratio, if necessary scaled to the same biological zero, for two species estimated in the laboratory at one temperature would be valid for all temperature conditions in the field. Is that too simple to be true?
Summarizing conclusions
In spite of the fact that Belehradek's equation better describes possible biological processes, it is almost com-OIKOS 49:2 (1987) p pletely ignored in preference to the RGT-rule or Van't Hoff-Arrhenius' equation. One reason given is rather obscure: "The formula contains two constants which should complicate the application" (Winberg 1971:51) . With easy access to modern computers nowadays and with "easy-to-use" computer systems for statistical analysis procedures, that reason no longer applies. The relatively good agreements between my growth experiments in the laboratory and in the field as well as the cited papers show that the dependence of algal growth rates on temperature is generally described better by Belehradek's equation than by the more frequently used Berthelot's or Arrhenius' equations. Concerning bacterial growth, it is found that the Van't Hoff-Arrhenius' formula also fits data poorly; graphs of the logarithm of the growth rate versus reciprocal absolute temperature result in curves rather than straight lines. Ratkowsky et al. (1982) found instead an equation (proposed for nucleotide breakdown in cool-stored carp muscle by Ohta and Hirahara, 1977, not seen), which fitted very well (R-square > 0.97) to the growth of a wide range of bacteria as well as of some yeast species and a mold. This empirical equation is, in fact, identical with Belehradek's equation, if the exponent b is put equal to 2.
On the whole, biological processes seldom show exponential increases with temperature. Bearing in mind also the many examples from zoology (e.g., reproduction rate of ciliates, respiration rate in bacteria and fish, the rate of movement in ameboids and in insects, and the rate of development in zooplankton and in trout) given by Belehradek (1935 Belehradek ( , 1957 and McLaren (1963) of the statistically more accurate fit by Belehradek's equation compared with other temperature functions, it is perhaps time to accept more generally the type of Belehradek's equation for biological processes. Noteworthy is that two very late examples, i.e., swimming activity of the medicinal leech (Elliott and Tullett 1986) and growth of salmonid otoliths (Mosegaard 1986 , Mosegaard et al. 1986 ) were both best fitted to log-log transformations of temperature functions which are very similar to Belehradek's equation. Already Belehradek (1926) used several examples to show that when taking logarithm his equation (log v = a + b log t) gave a straight line within a wider range than Van't Hoff-Arrhenius' or Berthelot's equations (log v = a + b 1/T and log v = a + b t, respectively). That means that the artificial "breaks", i.e. more than one value of the temperature coefficient in a temperature range (see e.g., Mohr and Krawic 1980) , often found when using the exponential formulas were mostly overcome by applying Belehradek's equation (Belehradek 1957) . According to McLaren (1963) : "In choosing between equally accurate formulas to describe biological material, ... one should choose formulas whose parameters reflect possible biological characteristics, even if these are not fully understood. Belehradek's function certainly fulfills these requirements better than the alternatives". Belehradek (1926) concluded that the variations between different species of the constant b appeared to have considerable ecological significance. However, the constant a might also be species specific. If t==a+ 1, it follows that [t=a, i. e., the growth rate is equal to a when the temperature is one degree above the biological zero (a).
